A kinetic study is reported for nucleophilic substitution reactions of 4-pyridyl X-substituted benzoates 7a-e with a series of alicyclic secondary amines in H 2 O. The Brønsted-type plot for the reactions of 4-pyridyl benzoate 7c is linear with β nuc = 0.71. The corresponding reactions of 2-pyridyl benzoate 6, which is less reactive than 7c, resulted in also a linear Brønsted-type plot with β nuc = 0.77. The fact that the more reactive 7c results in a smaller β nuc value appears to be in accord with the reactivity-selectivity principle. The aminolysis of 7c has been suggested to proceed through a stepwise mechanism in which breakdown of the intermediate is the rate-determining step (RDS). The Hammett plot for the reactions of 7a-e with piperidine consists of two intersecting straight lines, i.e., ρ X = 1.47 for substrates possessing an electron-donating group (EDG) and ρ X = 0.91 for those possessing an electron-withdrawing group (EWG). In contrast, the corresponding YukawaTsuno plot exhibits excellent linear correlation with ρ X = 0.79 and r = 0.56. Thus, it has been concluded that the nonlinear Hammett plot is not due to a change in the RDS but is caused by stabilization of the ground state of the substrates possessing an EDG through resonance interaction between the EDG and the C=O bond of the substrates.
Introduction
Aminolysis of esters has been reported to proceed through a stepwise mechanism or through a concerted pathway depending on reaction conditions (e.g., solvents, nature of substrate and incoming amines).
1-12 A nonlinear Brønsted-type plot often observed for aminolysis of esters possessing a good leaving group (e.g., 2,4-or 3,4-dinitrophenoxide) has been suggested as evidence for a change in the rate-determining step (RDS).
1-9 On the other hand, a linear Brønsted-type plot with β nuc = 0.5 ± 0.1 has been reported as evidence for a concerted mechanism.
10-13
Aminolysis of 2,4-dinitrophenyl benzoate in aqueous medium has been reported to proceed through a stepwise mechanism with a change in the RDS on the basis of a curved Brønsted-type plot, i.e., β nuc decreases from 0.74 to 0.34 as the basicity of the incoming amine increases. However, the corresponding reactions performed in MeCN have been concluded to proceed through a concerted mechanism on the basis of a linear Brønsted-type plot with β nuc = 0.40.
10
Changing electrophilic center from C=O to P=O (or P=S) has been shown to be an important factor to determine reaction mechanisms. Aminolysis of 2,4-dinitrophenyl diphenylphosphinate 1 and diphenylphosphinothioate 2 in H 2 O have been concluded to proceed through a concerted mechanism on the basis of linear Brønsted-type plots with β nuc = 0.38 and 0.52 for the reactions of 1 and 2, respectively.
13
The effect of electrophilic center on reaction mechanism has also been demonstrated to be significant. Aminolysis of 4-nitrophenyl benzoate 3 in H 2 O has been reported to proceed through a stepwise mechanism in which breakdown of the zwitterionic intermediate T ± is the RDS on the basis of a linear Brønsted-type plot with β nuc = 0.81.
6d In contrast, the corresponding reactions of S-4-nitrophenyl thiobenzoate 4 have been concluded to proceed through a stepwise mechanism with a change in the RDS as the basicity of the incoming amines increases.
9 Furthermore, aminolysis of O-4-nitrophenyl thionobenzoate 5 has been found to proceed though two intermediates (i.e., T ± and its deprotonated form T − ) on the basis of upward curvature in the plots of observed rate constants (k obsd ) versus amine concentrations.
7
We have recently reported that aminolysis of 2-pyridyl benzoate 6 in H 2 O proceeds through a stepwise mechanism on the basis of a linear Brønsted-type plot with β nuc = 0.77. Our study has been extended to the reactions of 4-pyridyl Xsubstituted benzoates 7a-e with a series of alicyclic secondary amines to investigate the effect of substituent X on reactivity and reaction mechanism (Scheme 1). We have also studied the effect of changing the leaving group from 2-pyridinolate to 4-pyridinolate by comparing the current results with those reported previously for the corresponding reaction of 2-pyridyl benzoate 6.
Results and Discussion
The kinetic study was performed spectrophotometrically under pseudo-first-order conditions, e.g., the concentration of amines was kept in excess over the concentration of substrates. All reactions obeyed first-order kinetics and the pseudo-first-order rate constants (k obsd ) were calculated from the equation, ln (A ∞ -A t ) = -k obsd t + C. The plots of k obsd vs.
[amine] were linear and passed through the origin, indicating that general base catalysis by a second amine molecule is absent and contribution of H 2 O and/or OH -ion from solvolysis of amines to k obsd is negligible. Thus, the second-order rate constants (k N ) were calculated from the slope of the linear plots. The uncertainty in the k N values is estimated to be less than ± 3% from replicate runs. The k N values determined in this way are summarized in Table 1 for the reactions of 7c with 6 different amines and in Table 2 for the reactions of 7a-e with piperidine.
Effect of Amine Baicity on Reactivity. As shown in Table 1 , the second-order rate constant for the reactions of 7c decreases as the amine basicity decreases, e.g., k N decreases from 9.55 M s -1 as the pK a of the conjugate acid of amines decreases from 11.22 to 9.85 and 7.98, in turn. A similar result is shown for the corresponding reactions of 6. However, 6 is up to 6 fold less reactive than 7c. This is in accord with the fact that 4-pyridinolate is ca. 0.4 pK a units less basic than 2-pyridiloate (i.e., pK a = 11.06 and 11.50 for 4-hydroxypyridine and 2-hydroxypyridine in H 2 O, respectively).
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The effect of amine basicity on reactivity is illustrated in Figure 1 . The Brønsted-type plot for the reactions of 7c is linear with β nuc = 0.71, when k N and pK a values are statistically corrected using p and q (i.e., p = 2 and q = 1 except q = 2 for piperazine). 15 The β nuc value of 0.71 is a lower limit for reactions reported previously to proceed through a stepwise mechanism with breakdown of an intermediate being the RDS. In fact, the corresponding reactions of 6 has been concluded to proceed through a stepwise mechanism, in which expulsion of the leaving group occurs in the RDS on the basis of the linear Brønsted-type plot with β nuc = 0.77 (inset of Fig. 1 ).
6e Thus, one can suggest that the reactions of 7c proceed also through a stepwise mechanism and the smaller β nuc value obtained for the reactions of the more reactive 7c is in accord with the reactivity-selectivity principle (RSP).
16
Effect of Substituent X on Reactivity and Mechanism. To study the effect of substituent X on reactivity, reactions of 4-pyridyl X-substituted benzoates 7a-e with piperidine have been performed. As shown in Table 2 , the k N value for the reactions of 7a-e increases as the substituent X in the benzoyl moiety changes from an EDG to an EWG, e.g., it increases from 3.80 M s -1 as X changes from 4-MeO to H and 3-NO 2 , respectively. The fact that the substrate possessing an EWG in the benzoyl moiety C NMR shifts of the carbonyl carbon and IR frequencies of the C=O stretching vibration in various Y-substituted phenyl X-substituted benzoates and acetates, and found that an EWG in the leaving-or nonleaving-group causes upfield 13 C NMR shifts of the carbonyl carbon and higher frequencies of the C=O stretching vibration.
17 Accordingly, it has been concluded that an EWG in the leaving-or nonleaving-group does not increase the electrophilicity of the carbonyl carbon, and the enhanced reactivity of esters possessing an EWG is due to destabilization of the GS of substrates, since an EWG in the leaving group or in the nonleaving benzoyl moiety would inhibit the resonance interactions I ↔ II ↔ III.
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To examine the conclusion drawn by Neuvonen et al., a Hammett plot has been constructed for the reactions of 7a-e with piperidine. As shown in Figure 2 , the Hammett plot for the reactions of 7a-e consists of two intersecting straight lines. Interestingly, substrates 7d and 7e exhibit negative deviation from the linear line composed of substrates 7a-c. Clearly, this is opposite to the expectation. Because substrates 7d and 7e should have exhibited positive deviation from the Hammett plot, if destabilization of the GS through inhibition of resonance interactions were responsible for the high reactivity shown by substrates possessing an EWG. Thus, one can suggest that the high reactivity shown by substrates 7d and 7e is not due to GS destabilization through inhibition of resonance interactions.
A nonlinear Hammett plot has traditionally been interpreted as a change in reaction mechanism or RDS depending on the shape of curvature.
18,19 Upward curvature often found for nucleophilic substitution reactions of benzylic systems has been attributed to a change in mechanism, i.e., from S N 1 for substrates possessing an EDG to S N 2 for those bearing an EWG. 18, 19 In contrast, downward curvature has been ascribed to a change in RDS upon changing substituents from EDGs to EWGs. 18, 19 In fact, a downward Hammett plot has been reported for reactions of a series of X-substituted benzaldehydes with ammonia, e.g., benzaldehydes possessing an EDG result in a large positive ρ value while those with an EWG yield a negative ρ value. Therefore, one might attribute the nonlinear Hammett plots shown in Figure 2 to a change in RDS, i.e., from formation of T ± to its breakdown to yield the products as the substituent X in the benzoyl moiety changes from EDGs to EWGs. This idea appears to be reasonable, since one can expect that an EDG in the benzoyl moiety would retard nucleophilic attack (i.e., a decrease in k 1 ) but would accelerate departure of the negatively charged leaving group (i.e., an increase in k 2 ). In contrast, an EWG would increase k 1 but would decrease k 2 . Thus, the nonlinear Hammett plots might be taken as evidence for a change in RDS upon changing the substituent X in the benzoyl moiety.
Origin of Nonlinear Hammett Plot. However, we propose that the nonlinear Hammett plot in Figure 2 is not due to a change in the RDS. This is because the RDS should be determined by the k 2 /k -1 ratio (i.e., RDS = k 1 when k 2 /k -1 > 1 or RDS = k 2 when k 2 /k -1 < 1) but not by the magnitude of k 1 and k 2 . Furthermore, k 1 and k 2 values cannot be compared directly, since the former is a second-order rate constant while the latter is a first-order rate constant.
To examine the above argument that the nonlinear Hammett plot shown in Figure 2 is not due to a change in RDS, Yukawa-Tsuno plot has been constructed. The YukawaTsuno equation, eq. (1), has originally been derived to account for solvolysis of benzylic system in which a positive charge develops in the TS. 20, 21 We have recently shown that Yukawa-Tsuno equation is highly effective to elucidate ambiguities in the mechanism for nucleophilic substitution reactions of aryl benzoates, 6 diphenylphosphinates 13 and Table 2 . Summary of second-order rate constants for nucleophilic substitution reactions of 4-pyridyl X-substituted benzoates 7a-e with piperidine in H2O at 25.0 ± 0.1 
As shown in Figure 3 , the Yukawa-Tsuno plot exhibits excellent linear correlation with ρ = 0.79 and r = 0.56. Such linear Yukawa-Tsuno plot indicates that the reactions proceed without changing the RDS upon changing the substituent X. Thus, one can conclude that the nonlinear Hammett plot shown in Figure 2 is clearly not due to a change in the RDS.
The r value in eq. (1) represents the resonance demand of the reaction center or the extent of resonance contribution, while the term (σ X + -σ X o ) is the resonance substituent constant that measures the capacity for π-delocalization of the π-electron donor substituent.
20,21 The r value of 0.56 obtained in this study suggests that the resonance contribution to k N is somewhat significant.
Resonance structures as modeled by IV and V are possible for substrates possessing an EDG in the benzoyl moiety (e.g., 7a and 7b). Since such resonance structures stabilize the GS of the substrates, one can suggest that stabilization of the GS through resonance interactions is responsible for the negative deviation exhibited by substrates possessing an EDG from the Hammett plot shown in Figure 2 . This argument can be further supported by the fact that the substrate possessing a stronger EDG (e.g., 7a) deviates more significantly from the linear Hammett plot composed of 7c-e. Thus, one can conclude that substrates possessing an EDG are less reactive than would be expected from their σ constant due to stabilization of their GS through resonance interaction.
A similar conclusion has been drawn for solvolysis of methyl chloroformate and acetyl chloride in aqueous acetone. The former was reported to be 9 × 10 3 times less reactive than the latter.
22 Kevill et al. have concluded that stabilization of the GS through the resonance interaction VI ↔ VII, analogous to that proposed in the current system (i.e., IV ↔ V), is responsible for the decreased reactivity of methyl chloroformate, since such resonance interactions are not possible for acetyl chloride.
22

Conclusions
The current study has allowed us to conclude the following: (1) 4-Pyridyl benzoate 7c is more reactive than 2-pyridyl benzoate 6, which is in accord with the fact that 7c possesses a less basic leaving group than 6. (2) The Brønsted-type plot for the reactions of 7c is linear with β nuc = 0.71. The reactions of 7c have been suggested to proceed through a stepwise mechanism with breakdown of an intermediate being the RDS on the basis of the linear Brønsted-type plot with β nuc = 0.71. (3) The Hammett plot for the reactions of 7a-e consists of two intersecting straight lines. However, the nonlinear Hammett plot is not due to a change in RDS. (4) The Yukawa-Tsuno plot for the reactions of 7a-e exhibits excellent linear correlation with ρ = 0.79 and r = 0.56, indicating that resonance stabilization of substrates possessing an EDG (e.g., 7a and 7b) is responsible for the nonlinear Hammett plot. (5) The high reactivity shown by substrates possessing an EWG (e.g., 7d and 7e) is not due to GS destabilization.
Experimental Section
Materials. Substrates 7a-e were readily prepared from the reaction of X-substituted benzoyl chloride with 4-hydroxypyridine in anhydrous ether as reported previously.
6e Their purity was confirmed from melting point and spectral data such as 1 H NMR. Secondary amines and other chemicals were of the highest quality available. Doubly glass distilled water was further boiled and cooled under nitrogen just before use.
Kinetics. The kinetic study was performed using a UV-vis spectrophotometer equipped with a constant temperature circulating bath to keep the reaction temperature at 25.0 ± 0.1°C. All the reactions were carried out under pseudo-firstorder conditions in which the amine concentration was at least 20 times greater than the substrate concentration. Typically, the reaction was initiated by adding 5 μL of a 0.02 M of substrate stock solution in MeCN by a 10 μL syringe to Table 2 .
Kinetic Study on Aminolysis of 4-Pyridyl X-Substituted Benzoates Bull. Korean Chem. Soc. 2011 , Vol. 32, No. 6 1911 a 10 mm UV cell containing 2.50 mL of the reaction medium and amine nucleophile. The reactions were followed by monitoring the leaving 4-pyridinolate.
Product Analysis. 4-Pyridinolate was liberated and identified as one of the reaction products by comparison of the UV-vis spectra after completing the reactions with those of authentic samples under the same kinetic conditions.
